We assessed the prognostic value of cardiothoracic ratio and plain film heart volume in relation to other clinical, exercise, hemodynamic and quantitative angiographic variables. Both cardiothoracic ratio and plain film heart volume are highly sensitive, but nonspecific, indicators of abnormal left ventricular end-diastolic volume and ejection fraction. Both variables are univariately important predictors of survival in cohorts of medically and surgically treated heart disease patients. Plain film heart volume significantly adds to the multivariate prediction of prognosis obtained from groups of clinical, exercise, hemodynamic and quantitative angiographic variables. These measurements from the routine chest roentgenogram are sensitive detectors of abnormal left ventricular function or volume and important predictors of long-term survival. The fact that they contribute prognostic information in addition to left ventricular volume and ejection fraction suggests that other cardiac chamber volumes are of prognostic importance.
PREVIOUSLY, WE HAVE DEMONSTRATED the significance of left ventricular end-diastolic volume and related variables such as ejection fraction in the prediction of survival of patients with heart disease.', 2 Chikos et al. 3 showed a high correlation between total heart volume measured from the standard chest roentgenogram (plain film heart volume) and left ventricular end-diastolic volume measured angiographically in patients with aortic valve disease. In this study we examined the prognostic value of plain film heart volume and cardiothoracic ratio with respect to late survival and compared the prognostic value of these noninvasive parameters with other clinical, exercise, hemodynamic and quantitative angiographic variables frequently obtained in the evaluation of the patient with heart disease.
Methods

Patient Population
We have previously reported analyses of late survival in all adult patients and the subgroup with mitral valve disease who had quantitative angiography at the Veterans Administration and University Hospitals, Seattle, Washington, from 1960-1970.1"4 In this report, we analyzed all available chest roentgenograms taken in standard fashion (posterior-anterior and lateral at 6 feet) at the time of cardiac catheterization in these 831 patients. Suitable chest roentgenograms could be found on 320 of the 831 patients. The remaining patients did not have appropriate films available due to non-standard views, film in a single projection, or disposal of inactive film files. These 320 patients, who have quantitative angiographic measurement of left ventricular volume and long-term follow-up of up to 13.5 years (mean 4.1 years), are reported here. Distribution of patients by diagnosis, age, sex, therapy and functional class are given in table 1. Valvular heart disease was the principal diagnosis in 73% (233 of 320) of the patients. Heart surgery was performed in 64% (205 of 320); 45% (93) had valve replacement, 42% (87) had valvuloplasty, and 7% (15) had coronary artery surgery.
Laboratory Analyses
Maximal treadmill exercise stress tests were performed using the multistage protocol described by Functional class  I  27  8  II  87  27  III  178  56  IV  28  9 Bruce' in 69% (221 of 320) of the patients. Functional aerobic impairment is defined as percent decrement from predicted maximal oxygen uptake based on age, sex, and activity status. Left ventricular volumes were calculated for representative beats from the biplane angiocardiogram according to the method of Dodge et al. 6 Stroke volume was calculated as the difference between left ventricular end-diastolic volume and endsystolic volume. Total left ventricular output was the product of stroke volume and heart rate at the time of angiography. The regurgitant volume was calculated as the total left ventricular output minus the net forward cardiac output measured by the Fick technique.7 The cardiothoracic ratio was calculated from the frontal posterior-anterior chest roentgenogram by dividing the maximal frontal width of the heart excluding the apical fat pad by internal width of the chest at the level of the dome of the right hemidiaphragm.3 The plain film heart volume was calculated as 0.42 LWG, where L is the length from the superior vena cava-right atrial junction to apex (excluding apical fat pad) on frontal film, W is the length from the right atrium-diaphragm junction to junction of upper left heart border and pulmonary artery segment on frontal film, and G is the maximum depth of heart on lateral film.3' 8 Film measurements were made by a trained technician. Comparison of technician measurements with that of a radiologist experienced in the techniques showed a standard error of measurement of 36 ml (5.2%) for the heart volume and 0.009 (1.8%) for cardiothoracic ratio on a sample of 10 films. The standard error of measurement on repeat analysis by the same technician was 50.7 ml (7.3%) for heart volume and 0.0 12 (2.3%) for cardiothoracic ratio on the 10 films.
Statistical Analyses
Simple linear correlation coefficients were calculated with the aid of a computer. Sensitivity (SN) and specificity (Se) were computed according to the following formulas: Variables univariately predictive of survival were identified by constructing survival curves for subgroups of patients defined by several levels of each variable. Survival curves were constructed using the life-table technique9 beginning with the date of cardiac catheterization. The subgroups were defined by three ranges for each continuous variable (one covering the normal range, one covering moderate deviation from normal, and one representing marked deviation from normal) or into two to four subgroups according to the discrete variable being tested.' The Mantel-Haenzel-Cox statistic"0 was used to determine whether the subgroups defined by several levels of the variable under consideration had significantly different survival rates (p < 0.05). If they did, the variable was considered to be univariately predictive of survival. These variables were further analyzed for multivariate prediction of survival using Cox's regression analysis," which is an analogue of multiple linear regression analysis applied Figure 1 illustrates the relationship between plain film heart volume and left ventricular end-diastolic volume. The correlation between cardiothoracic ratio and end-diastolic volume was not high (r = 0.29). The correlations between the plain film measurements and other angiographic measures of left ventricular volume overload (angiographic stroke volume, regurgitant volume and total left ventricular output) were low (r -0.04-0.23). Table 2 shows the sensitivity and specificity of the cardiothoracic ratio and plain film heart volume in detecting abnormal end-diastolic volume and ejection fraction. Both the cardiothoracic ratio and plain film heart volume are highly sensitive but relatively nonspecific indicators of increased left ventricular enddiastolic volume and ejection fraction. The sum of the sensitivity and specificity (a measure of the predictive power) of plain film heart volume in predicting abnormal end-diastolic volume is not significantly different from the sum of sensitivity and specificity for cardiothoracic ratio. However, plain film heart volume is significantly better than cardiothoracic ratio in predicting ejection fraction (p < 0.05; sign test).
Sensitivity and Specificity
Prediction of Survival
Figures 2-5 show actuarial survival curves calculated from the date of catheterization for subgroups of medically or surgically treated patients defined by three levels of cardiothoracic ratio or plain film heart volume. Both the cardiothoracic ratio and plain film heart volume are highly predictive of late survival in both the medical and surgical cohorts, although greater separation of survival of subgroups is seen in the medically treated cohort.
An additional 13 variables (three clinical, two exercise, five hemodynamic, and three quantitative angiographic) were tested for prediction of prognosis in a similar fashion using actuarial life table analyses. Table 3 lists tests of significance (Mantel-Haenzel-Cox statistic) for the medical and surgical cohorts under the columns labeled "univariate." Twelve of the 13 variables (all except sex) were significantly predictive (p < 0.05) of survival in the medical cohort; but only functional class, left ventricular end-diastolic pressure, end-diastolic volume, ejection fraction and mass were significantly predictive in the surgical cohort.
Multivariate analyses using Cox's regression analysis were then performed for each of the groups of univariately significant variables to determine which variables had predictive power with respect to survival beyond that contributed by the combinations of the other variables considered (table 3, multivariate columns). For the medical cohort, functional class was significant among the clinical variables, functional aerobic impairment and ST-segment response to exertion among the exercise variables, mean pulmonary artery pressure among the hemodynamic variables, and end-diastolic volume and ejection fraction among the quantitative angiographic variables. For the surgical cohort, functional class was significant among the clinical variables and left ventricular end-diastolic pressure among the hemodynamic variables. None of the two exercise and three quantitative angiographic The final step was to determine whether plain film heart volume significantly improved prediction of prognosis over the previously identified variables. The multivariately significant (p < 0.05) variables from each of the groups (clinical, exercise, hemodynamic, and quantitative angiographic) were examined by Cox's regression analysis with and without plain film heart volume. Table 4 shows the results of this analysis for the medical and surgical cohorts. In the medical cohort, the addition of plain film heart volume added significantly (p < 0.01) to prediction of prognosis from each of the groups of variables. In the (2) ; m; ,~~~~~~~~0 surgical cohort, plain film heart volume significantly improved prediction of prognosis in the clinical and hemodynamic groups of variables.
Discussion
In this study of long-term follow-up of patients with quantitative angiographic assessment of left ventricular function and plain film heart volume measurements at the time of cardiac catheterization, the chest roentgenogram measurements were highly sensitive, but nonspecific, detectors of abnormal left ventricular volume and ejection fraction and highly significant predictors of long-term survival. 
Sensitivity and Specificity
Although the correlation with end-diastolic volume is relatively low, both cardiothoracic ratio and plain film heart volume are highly sensitive in detecting either abnormal end-diastolic volume or ejection fraction; that is, if the end-diastolic volume is elevated by 2 or more standard deviations above the normal mean (. 102 ml/m2) or if the ejection fraction is reduced by 2 or more standard deviations below the normal mean (< 50%), the cardiothoracic ratio will be > 0.50 and plain film heart volume will be 541 ml/m2, 85% or (table 2) . However, the specificity is low such that given an abnormal cardiothoracic ratio or abnormal plain film heart volume as defined above, an abnormal left ventricular end-diastolic volume or ejection fraction will be present only 25-50% of the time. The lack of specificity is most likely due to selective enlargement of other cardiac chambers besides the left ventricle or increase in left ventricular mass. The overall diagnostic accuracy (sum of sensitivity plus specificity) was generally greater for plain film heart volume than cardiothoracic ratio (table 2) . =0.011 FIGURE 5. Actuarial survival curves for the subgroups of surgically treated patients (7) defined by normal (< 540 ml/m2), moderately increased (541-800 ml/m2), and ______-.
markedly increased (> 801 ml/m2) plain (18) film heart volume (HV), showing significantly different survivals (p = 0.011) (6) for the three subgroups. 
Prediction of Survival
When examined univariately, both cardiothoracic ratio and plain film heart volume are highly significant predictors of survival (figs. 2-5). For example, in the medical cohort, patients with a normal plain film heart volume (< 540 ml/m2) had a 5-year survival probability of 0.89, while those with markedly increased plain film heart volume (> 801 ml/m2) the 5year survival probability was 0.15 ( fig. 3 ), a ratio of 5.9:1. In our previous evaluation of mitral valve disease patients, end-diastolic volume was found to be one of the most important predictors of late survival.' The plain film heart volume and cardiothoracic ratio in the current study reflect some of the prognostic significance of end-diastolic volume. However, the multivariate analyses (table 4) indicate that plain film heart volume contributes to prediction of prognosis above and beyond that provided by end-diastolic volume and ejection fraction. The reason may be that plain film heart volume also reflects left atrial and right ventricular volumes. While right ventricular volumes have not been studied in regard to prognosis, Barnhorst et al.'2 have reported impaired late survival among patients undergoing mitral valve replacement who have large left atria on preoperative chest films. Two studies have demonstrated a significant relationship between cardiothoracic ratio and late survival in patients undergoing aortic valve replacement. '3 14 Less difference in survival between patients with normal-sized hearts and markedly enlarged hearts is seen in the surgical cohort (figs. 4 and 5) than in the medical cohort (figs. 2 and 3). This is probably because of a reduction in heart size resulting from successful valve replacement, so patients may move from a survival curve associated with a markedly enlarged heart preoperatively to a better survival curve as their heart size becomes smaller postoperatively. Improved survival after aortic valve replacement'4 or combined aortic and mitral valve replacementl5 has been observed in those patients who experience a reduction in cardiothoracic ratio as a result of surgery.
The multivariate analyses using Cox's regression analysis'1 were designed to test whether plain film heart volume added significantly to prediction of prognosis over groups of clinical, exercise, hemodynamic, and quantitative angiographic variables previously demonstrated to be univariately and multivariately predictive of survival (table 3) . For the medical cohort, plain film heart volume contributed significantly to prediction of prognosis in each of these groups of variables (table 4) . Finally, when the significant variables from each of these groups for the medical cohort (functional class, mean pulmonary artery pressure, and ejection fraction) are combined and analyzed with and without plain film heart volume, prediction of prognosis is again significantly improved by the inclusion of plain film heart volume.
Plain film heart volume contributes prognostic information in addition to that provided by any combination of the commonly measured clinical, exercise, hemodynamic, and quantitative angiographic variables analyzed in this study. We believe this is due to inclusion of important prognostic information in other chamber volumes, probably left atrium and right ventricle, which are reflected in plain heart volume. The analysis of the relationship of prognosis to direct measurements of left atrial and right ventricular dimensions or volume by echocardiography, angiocardiography or computerized tomography, should be investigated.
